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Organic-inorganic halide perovskite quantum dots (PQDs) constitute an attractive class
of materials for optoelectronic device applications due to their unique characteristics
such as wide bandwidth absorption, high extinction coefficients and long electron-hole
diffusion lengths. However, their charge transport properties stand inferior to that of
graphene. On the other hand, charge generation efficiency of graphene is too low to be
used in many optoelectronic applications. A graphene-PQD (G-PQD) superstructure
that combines efficient photogeneration and fast charge transport is currently
unavailable. Herein, we demonstrate ultrathin phototransistors and photonic synapses
using a G-PQDs superstructure prepared by growing PQDs directly from graphene
lattice via a novel defect-mediated growth mechanism. Our simulations and
experimental results reveal that PQDs grown from graphene lattice can provide an
efficient pathway to transfer the photoexcited charges directly to graphene, thus
synchronizing efficient charge generation and transport on a single platform.
Phototransistors, less than 20 nm thick, prepared with this G-PQD superstructure
exhibit excellent responsivity of 1.4x108 AW-! and specific detectivity of 4.72x10'5 Jones
at 430 nm. Moreover, the light-assisted memory effect of superstructures enabled us to
demonstrate photonic synaptic behavior with low energy consumption of 36.75 pJ/
spike, which is highly relevant for neuromorphic computing. We reveal its application
in neuromorphic computing by demonstrating facial recognition with the assistance of
machine learning. We anticipate that the PQD superstructures will bolster new
directions in the development of highly efficient and ultrathin optoelectronic devices.

Introduction

Graphene emerged as the dream material for electronics and optoelectronics applications due
to its broad spectral bandwidth, excellent carrier transport properties with very high mobility
(electron mobility > 15000 cm?-V !s™), exceptional stability in ambient conditions and
outstanding flexibility'®. A plethora of composites and devices have been developed for
applications in energy harvesting and storage, photodetectors and transistors’'?. However, a
single layer of graphene absorbs only 2.3% of incident visible light!!. Moreover, to date, the
responsivity of graphene photodetectors has been limited to about 102 AW These
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limitations critically impede the use of graphene in optoelectronic and photonic devices!!. On
the other hand, organic-inorganic halide PQDs have risen as attractive materials for
optoelectronic devices due to their bandgap tunability across the visible spectrum, high
photoluminescence quantum yield, narrow emission spectrum and high extinction
coefficients'?>?°. The drawback is that their charge transport is far inferior to that of graphene.

To improve the performance of graphene-based phototransistors, various approaches such as
PQDs in the form of bilayers?!?* or heterostructures?® have been pursued. A phototransistor
comprised of a 2D perovskite thin film deposited on graphene by spin coating exhibited
responsivity ~ 10> AW-! at 530 nm?. Pan et al. has also demonstrated photoresponsivity of
1.15 x10° AW"! at 520 nm using spin coated formamidinium lead halide PQDs on a graphene
layer®?. Presently, most of the PQD films prepared as the active layer of phototransistor by
various deposition techniques have a minimum thickness of at least 100 nm. The highest
photoresponsivity reported for a graphene-based phototransistor is 107 AW™!, measured with
an infrared phototransistor prepared by spin coating lead sulfide (PbS) quantum dots on
CVD-grown graphene®. Growing PQDs from a graphene lattice to enhance charge transfers
between the two moieties constitutes an entirely new direction for electronic and
optoelectronic device applications.

Here, we demonstrate that the strong photogeneration efficiency of methylammonium lead
bromide perovskite quantum dots (PQDs) can be exploited by growing PQDs from the lattice
of a single layer graphene by a defect-mediated process. The rationale for designing this
hybrid superstructure stems from the ability of PQDs to absorb light and generate charge
carriers. The charge generated is transferred to graphene, which transports the carriers across
the active layer of the device. Through the implementation of this thin superstructure in a
phototransistor geometry, we produce a photoresponsivity of 1.4x10> AW at 430 nm and a
specific detectivity (D) of 4.72x10' Jones, which is by far the best responsivity and
detectivity across similar devices. This is promising for the development of highly efficient
optoelectronic materials for high-speed communications, sensing, ultra-sensitive cameras and
high-resolution imaging and displays*’?®. In addition, we find the G-PQD superstructure to
behave as a photonic synapse with low energy consumption of 36.75 pJ/ spike that mimics
crucial characteristics of its biological equivalent, with unique optical potentiation and
electrical habituation function, which is critical for pattern recognition. This enables the
building of a hardware unit for the neuromorphic architecture to mimic the human brain
functionalities, which is critical for applications like pattern recognition.

Results

Growing PQDs from graphene lattice. Among the techniques used to produce PQDs with
very high photoluminescence quantum yield®*?!, ligand assisted re-precipitation (LARP)
stands out as a very versatile approach. LARP uses mixing of polar and non-polar solvents to
synthesize PQDs at room temperature. This strategy is sufficiently mature to control the size
and morphology of the PQDs*?. The PQDs with a diameter below 4 nm have previously been
grown, exhibiting enhanced quantum confinement®*. Following similar considerations, we
initiate the growth of PQDs directly on the active sites of graphene monolayer surfaces to
form the superstructure. An antisolvent toluene was added onto a graphene layer previously
wetted with perovskite precursor to initiate the seeding, which was followed by crystal
growth, as illustrated in Fig. 1a. We explain the growth of PQDs on the graphene layer by a
two-step growth model. First, when a large volume of the antisolvent toluene was injected
onto the precursor coated graphene, a highly disordered spherical perovskite droplet with
high concentration and large density fluctuations was formed on graphene surface as well as



in the toluene solution due to the excess of precursors®*. Next, perovskite embryos formed on
the graphene sheet as well as in the toluene solution, under saturation conditions, which
transformed into a stable perovskite nucleus inside the droplet beyond the critical size
required for crystal formation®. With their high Gibbs surface free energy, we find the
defects in the graphene provide preferential sites for the embryo formation, thereby
nucleating the PQDs. It is also possible that collisions between the disordered droplet and the
graphene layer led to contact nucleation®® (Fig. S1). Electrostatic attraction with the graphene
layer may also contribute to the growth via strong immobilization of the clusters formed. We
find the proximity to the critical point of nucleation to decrease the Gibbs surface free energy
barrier for crystallization and consequently increase the rate of nucleation. The PQDs once
grown from the graphene sample were washed continuously with a nonsolvent for about 10
min to remove any PQDs which were not grown from but just adsorbed on the graphene
surface.
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Fig. 1 a, Schematic showing the growth of PQDs on graphene to form the G-PQDs superstructure and
the proposed applications. b, TEM image of PQDs grown on single-layer of graphene sheets. ¢, TEM
image of the PQDs distributed on the G-PQDs superstructure. d, HRTEM image of the PQDs grown
on graphene. Inset shows the corresponding FFT image. e, HRTEM image of stress induced changes
in the graphene lattice due to the growth of PQDs (red arrow indicates distortion). f, XRD spectra of
pristine PQDs (red) and G-PQDs(blue) grown on Silicon (inset: enlarged region, units remain the
same, 3.3°, 4.4° 6.5° 9.0° and 15.4° corresponding to (011), (101), (201), (141), and (100) crystal
planes, respectively). g, Raman spectra of pristine graphene (black), PQDs drop casted on graphene
(green) and PQDs grown on graphene (blue).

We analyze the synthesized G-PQDs hybrid material by transmission electron microscopy
(TEM) as shown in Fig. Ib-e. Figure 1b indicates that the grown PQDs were randomly
distributed on the graphene layers, with a denser population along the graphene edges. We
surmise that defect sites or dangling bonds on the edges favor nucleation sites for the PQDs.
We find that the PQDs grown on graphene by heterogeneous nucleation have an average
diameter of 3.1 nm with a size deviation of 0.5 nm (Fig. 1b, ¢) for a 30 min growth process.
Figure 1c reveals the spherical shape of the PQDs over the graphene surface, while Fig. 1d
indicates the inter-planar (d) spacing of 0.27 nm, which corresponds to the (201) lattice plane
in PQDs. Fast Fourier transform (FFT) analysis (Fig. 1¢ inset) confirms that the zone axis of
these QDs is along the (201) direction, which is consistent with the XRD results (Fig. 1f).
The growth of PQDs on the graphene layer is further confirmed by the TEM image in Fig. le,
where we observe lattice distortions. We attribute these to the stress developed in the
graphene lattice upon PQD crystal growth. As seen in the inset, the spectra of pristine PQDs
and G-PQDs both exhibit similar major peaks at 3.3°, 4.4° 6.5°, 9.0° and 15.4°,
corresponding to (011), (101), (201), (141) and (100) crystal planes, respectively. This
confirms the crystallinity of the structures formed in G-PQDs***"*, We attribute the low
peak intensities observed in the case of G-PQDs to the low density of PQDs on the single-
layer graphene compared to the density of the pure PQDs solution drop casted for the
measurements.

The binding energies in the pristine PQDs and G-PQDs were evaluated using X-ray
photoelectron spectroscopy (XPS). In pristine PQDs (Fig. S2), the XPS spectra mostly
coincided with the signature peaks of the bulk methylammonium lead bromide perovskite '*|
especially for Pd-4f and Br-3d energy states. Binding energies at 67.58 eV and 68.62 eV
correspond to inner and surface ions, respectively'®. The ratio of intensity of the two bands
suggests that Br bonds were more prevalent in the core of the QDs than at their surface. The
N-1s binding energies confirm the existence of two chemical environments of the N element
with bands at 398.21 eV and 400.86 eV, corresponding to N-C and amine (-NHy) ions,
respectively. The Pb-4f spectrum also exhibited two peaks positioned at 137.77 eV and
142.63 eV, corresponding to the levels of Pb-4f7, and Pb-4fs, associated with Pb** in PbBrs”
39, respectively. The C-1s spectrum with peaks at 284.03 eV and 284.43 eV confirms the
presence of C-H/C-C and C-N bonds, respectively. All core-level XPS spectra corresponding
to Pb-4f, Br-3d, C-1s and N-1s (Fig. S3) exhibited an increase in binding energies in G-PQDs
compared to PQDs. The C-1s spectrum of G-PQDs also revealed sp? bonding with the
apparition of a peak at 284.09 eV. We note that these results indicate binding between PQDs
and the graphene layers, as evident from the fact that non-bound bilayer systems consisting of
CsPbBr; QDs/graphene oxide composite®® and organic molecule-graphene interfaces*!
previously characterized with XPS showed no signs of change in binding energies.

We further investigate the effect of growing PQDs on the graphene sheet with Raman
spectroscopy. Pristine graphene exhibited the signature of a high-quality single layer, with a
band ~ 1580 cm™ corresponding to the stretching of the C-C bond in the plane (Fig. 1g),
which is in agreement with the change in binding energies observed with XPS. To test the
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attachment of PQDs on a graphene surface, we drop casted a film of pre-prepared PQDs on
graphene. The Raman spectra of graphene were not affected in this case (Fig. 1g). However,
we find that in G-PQDs, the shift of a G-band to a lower wavelength accompanied the
apparition of a D-band at ~1340 cm™'. We attribute the D-band in graphene to a zone
boundary mode (Aig) usually found at an armchair edge of graphene sheets*>**. The results
thus suggest that the growth of the PQDs created a sufficiently large density of local armchair
edges in the graphene sheets to be detected by Raman spectroscopy.
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Fig. 2 a, UV-Vis absorption (red) and photoluminescence spectra (blue) of the G-PQDs superstructure
film. b, PL decay profiles of PQDs (red) and G-PQDs films (green).

Optical absorption is an important parameter for a highly sensitive photodetector. The grown
G-PQD film absorbs in the visible wavelength region with a maximum of 434 nm and a
secondary band maximum of 451 nm (Fig. 2a). We attribute these to two different sizes of
PQDs grown on the graphene layer. The 434 nm band corresponded to the smaller PQDs.
The photoluminesence (PL) spectrum exhibited peaks at 462 nm and 479 nm corresponding
to a bandgap of 2.6-2.7 eV. The steady state PL intensity decreased in G-PQDs
superstructures compared to pristine PQDs film, which we attribute to additional charge
transfer pathways provided by graphene in addition to the intrinsic radiative channels for
excited state charge transfer %°. Together, these results suggest that the G-PQD layer is a
potential candidate for high-performing phototransistors detecting at blue illumination.

To further understand the photo-physical properties of the material, the excited state
dynamics of the G-PQDs superstructure were probed with time-correlated single photon
counting (TCSPC). While the PQDs on a glass substrate exhibited a biexponential decay
similar to previously reported literature** with an average fluorescence decay time of 2747 ns,
G-PQDs exhibited an average fluorescence decay time of 749 ns (Fig. 2b). Single layer
graphene has displayed similar quenching effects with previously reported perovskite
nanoparticles and PQD on single layer graphene deposited by spin coating methods*. We
believe that the longer fluorescence lifetimes observed in this study along with reported low
exciton binding energy of perovskite materials could infer a photoinduced electron transfer
mechanism as the predominant pathway for the quenching effects*>*®. Overall, the observed
PL quenching indicates fast charge transfer in G-PQDs superstructure due to high carrier
mobility in graphene and the direct contact between the two components.



3 1.5x10°
a . bg C [Graphene d Graphene
2 1.2x10°
- - < x10 ( CB (
< 1 T L e \
£ c ot £ 9.0x10'] ~ eeeCB
=~ 0 2 Y / V
[72] v 7
6.0x10" 1
= § e
Q 7] ® VB
2 —oank g 3.0x10 ‘ VB
N . . —I:lghl(@‘“»ﬁnmjl (4 00l . ' ‘ . . » PODs » roDs
3 2 1 0o 1 2 3 400 450 500 550 600 650 700
Vps (V) Wavelength (nm)
¢ f 9.50- Resistance (k) g
3.2 “ 32 184 ¥
= 57.30 15 /
o = < 15 .
x 28 Es‘oo ?, /
8 2.4 — o e ;3.90 8127 o
= -2l \ 8 = 9 035
& 2,0{—sswweny £ 2.20 o o
@ p ] £ / £
— T 6 E0.21
w16 1130 < ./' B
(] ] 8 0.7
42 go‘u 3 ./ 2 0.004
. & h £ 01234567
T T T T T T T 0.474 0_'. Power (W,
30 40 50 60 70 80 90 100 bRl s 0 > 4 6 8 10
Voltage(VBG) Voltage (VBG) Power (uW)

Fig. 3 a, Drain current (Ips) vs drain voltage (Vps) characteristic of the phototransistor under the dark
and illumination intensity of 440 nm monochromatic light with zero gate voltage. Inset: schematic of
G-PQD superstructure phototransistor. b, Spectral responsivity of G-PQD superstructure
phototransistor. Inset: detectivity and EQE of phototransistor under different wavelength. Energy
level diagram of the G-PQDs superstructure under c¢. photoexciatation and d, photogating. e,
Resistance as a function of back gate voltage (Vsg) under different illumination intensity at a given
drain-source voltage Vps of 500 mV. f, Two dimensional plot of superstructure resistance as a
function of optical power. g, Shift of Dirac point as a function of incident light intensity. Inset:
variation of photocurrent under different illumination power at 437 nm.

The growth of PQDs on graphene may facilitate charge transfer through n- 7 electron
interactions between PQDs and the sp? hybridized graphene layer*’*3. Previously reported
Density Functional Theory (DFT) studies confer some insights into the electronic properties
of the two different termination planes in perovskite crystals*->. It is important to understand
the surface termination of perovskite crystals because heterogeneous nucleation of PQDs
likely initiates at defect sites®'>* of graphene. According to DFT calculations, two possible
terminations may occur during perovskite crystal formation of CH3NH3Pbl::* 1) MAI
termination (MA ion and I atoms in the plane) or 2) Pbl, termination (Pb atoms and I atoms
in the plane). It is demonstrated that Pb atoms in the Pbl>-termination plane and I atoms in the
MAI-termination plane comprise unhybridized p orbitals. Similar to CH3NH3Pbls, there can
be two possible terminations in the CHsNH3Br PQDs”’: 1) CH3;NH3Br termination (MA ion
and Br atoms in the termination plane), or 2) PbBr;-termination (Pb atoms and Br atoms in
the termination plane), as shown in Fig. S4. Therefore, the Pb-6p orbitals and Br-4p orbitals
on the terminated planes of PQDs can overlap with the unhybridized 2p orbitals of the carbon
atoms of graphene. As the efficacy of charge transfers at the interface of PQD and graphene
depends on the overlap of the m-orbitals, the grown PQDs can transfer charges more
efficiently than other heterostructure prepared by deposition techniques like spin coating.
However, the Methyl ammonium ion (CH3NH3") does not directly take part in the charge
transfer because it is caged in the corner sharing eight Pbls™ octahedra and is only hydrogen
bonded to Iodine atoms>>~7.

Highly sensitive ultrathin phototransistors. The aforementioned characterizations imply a
direct growth of PQDs on the graphene surface, which facilitate an efficient charge transfer
from PQDs to graphene. The charge generation and transfer efficiency of this superstructure
was evaluated in a phototransistor geometry fabricated on a silicon dioxide/silicon wafer



(Fig. S5a). In this configuration, graphene constitutes a carrier transport channel and PQDs
play the role of the photo-absorbing material, as shown in the Fig. 3a (inset). The pristine
graphene used for this experiment was hole dominated>®. The current-voltage (drain current
Ips vs drain voltage Vps) characteristics of the phototransistor in dark conditions and under
440 nm illumination with zero gate voltage is shown in Fig. 3a. These Ips-Vps curves indicate
an ohmic behavior both for the forward and reverse bias, without any trace of hysteresis. We
observe a significant enhancement in photocurrent with an increase in illumination intensity.
The phototransistor responsivity (R) was calculated as the ratio of the photocurrent density
Jpn to incident light intensity Lign::

R = Jpn/Liignt (D

Figure 3b represents R over the 300-700 nm range. The photoresponsivity reaches a
maximum at 430 nm, which matches with G-PQDs absorbance peak, but slowly decreases in
the 430-700 nm range. The G-PQDs superstructure phototransistor shows a photoresponsivity
of 1.4 x 10® A/W, which is among the highest reported responsivity, to the best of our
knowledge. A very tight distribution of the responsivity was also obtained across several
devices and a box plot of the measured devices has been provided in SI (Fig. S5b). The
device prepared by drop casting PQDs on graphene showed a photoresponsivity of only 6 x
10° A/W. As the photocurrent generation in a single layer graphene is very negligible due to
ultrafast recombination and very low absorption®®®® the major contribution to
photogeneration arises from PQDs.

The figure of merit of the phototransistor, detectivity (D), was calculated based on the
equation

D* = RA%®/(2q14)°® (2)

where ¢ is the absolute value of the electronic charge (1.6 x 107" Coulombs), 4 is the
effective area of the device and I, is the dark current®'2, D" is the measure of the minimum
optical power differentiated from the noise caused by shot noise from the dark current, which
is the major contribution to the noise as compared to the other two noises, Johnson noise and
thermal fluctuation “flicker” noise®.

Table 1. Performances summary of previously reported graphene-QDs based phototransistor (MA:
CH;NH?*", FA:NH,CH=CH")

Active Materials R (A/W) D*(Jones) EQE (%) A (nm) Thickness  Ref.
(nm)

FAPbBr;-graphene 1.15 % 10° 3.42x107 520 2
2D perovskite-graphene 1 x 10 532 125 2
MAPDI;«Clx-CNT 1 x10% 3.7 %10 400 64
MAPbBr;I-grapehene 6 x 10 250 65
PbS QD-graphene 2.6 x 10* 5.5 %10 637 66
MOF-graphene 1.25x10° 6.9 x 10 5x 108 325 140 67
CsPbBr;-grapehene 800 7.5x 10" 5% 103 512 30 2
nanoribon

PbS QD-MoS, 6 x10° 5x 10" 980 40-60 68
PbS QD-graphene 5 x107 7 x108 600 100 26
MAPDBr; film-graphene 180 1x10° 5 x10* 400-800  >100 8
MAPbDbBr3; PDs grown 1.4 x 10% 4.72 10" 4.08 x 10'°  430-440 <20 This
from graphene lattice work




We determine a photodetectivity (D) of 4.72x10'> Jones and EQE (%) of 4.08x10'° for the
G-PQDs superstructure when illuminated with 430 nm light, as shown in Fig. 3b (inset). Our
superstructure shows much enhanced sensitivity compared to other reported phototransistors,
as shown in Table 1. In most semiconductor phototransistors, three transition modes occur:
band-to-band, impurity-to-band and quantum well transitions®. In our case, we favor band-
to-band and impurity-to-band transitions because photon energy is absorbed by valence
electrons of the PQDs when the energy of the incident photon is higher than the band gap of
PQDs. As a result, a photogenerated free charge carrier is generated. We find that because the
PQDs were grown from graphene, the charge transfer from PQDs to graphene was very fast
compared to a mixed or drop-casted/spin-coated sample. On the other hand, when the
incident photons have less energy than the bandgap of PQDs, as band-to-band transition is
not feasible, only electrons from the impurity levels can absorb the photons and get excited to
the conduction band. This is followed by a transfer of electrons to graphene, leading to a very
small photocurrent.

The schematic energy band diagram of the G-PQDs superstructure is shown in the Fig. 3 c, d.
The work function of a single layer pristine graphene was around 4.56 + 0.04 eV, whereas the
Fermi level of PQD was 5 eV’’. We find that when PQDs are grown on the graphene sheet,
the work function mismatch between the two materials leads to a built-in field developed at
the interface of graphene and PQDs to align the Fermi levels. The Dirac point (Vpirac),
obtained from the drain-source resistance as a function of gate voltage under dark and
illumination conditions, observes a drastic shift from above 80V to 70V. We attribute this to
the charge transfer from the PQDs to the graphene layer (Fig. S6). Figure 3e shows the
resistance as a function of back gate voltage (/sc) under different illumination intensities at a
fixed drain-source voltage (Vps) of 500 mV. As the light intensity increases, the Vpirac, at
which the device resistance reaches its maximum value, shifts towards a higher voltage due
to the photogating effect?®. Under illumination, the PQDs absorb the photon energy and
generate electron-hole pairs, which are effectively dissociated at the graphene/PQDs interface
by the built-in field. We find that the photogenerated holes are transported to the graphene
from PQDs and the photogenerated electrons remain on the PQDs. The photogating effect,
induced by the accumulated electrons in the PQDs, produces a hole current in the graphene
through capacitive coupling (similar to the application of a negative voltage on graphene) and
shifts the Vpirac of the G-PQDs superstructure to a higher Vgg.

Furthermore, when Vs < Vpimc, the carrier transport in the graphene channel was hole
dominant, which can increase the transfer rate of photogenerated holes leading to a higher
drain-to-source current. Therefore, a positive photoresponse was observed under illumination.
In contrast, when Vg > Vpimc, the electron becomes the dominant charge carrier in the
graphene channel, leading to a negative photoresponse or current quenching. This is due to
the recombination of transferred photogenerated holes and induced electrons by the back-gate
electrode. Moreover, as the illumination intensity increases, the trapped photogenerated
electrons in PQDs offer a more effective negative photogating effect by inducing more
positive carriers in the graphene channel via capacitive coupling. This leads to the shift in the
Dirac point toward a more-positive back-gate voltage. The photo-induced shift of V'p at
different intensities of monochromatic light (437nm) is shown in Fig. 3f. Moreover, this
photogating effect which occur when light intensity increases, results in more accumulation
of induced charge in graphene channel and hence leading to an enhancement in surface
potential’"’?, In this case, the photogating effect is controlled by light induced gate voltage of
the FET structure and is actually very difficult to compare with respect to the photogating



effect observed in metal filament formation that can lead to pronounced resistive-switching
effects in QD-based photonic resistive random-access memory’>.
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Fig. 4 a, Schematic of COMSOL simulation of PQDs of size 3 nm grown on a graphene film. b,
simulated photocurrent versus input power. ¢, transient photoresponse under light illumination on and
off conditions. d, normalized photocurrent response to on/off illumination.

Figure 3g illustrates the shift of the Dirac point with incident power and the change of
photocurrent (/,n=lignt-/dark) With respect to zero gate voltage at different light intensities. We
observe that the photocurrent increases as the incident photon power increases. As light
intensity increases, more holes are generated and transferred to graphene, which induces a
higher photogating effect and higher photocurrents. For bilayer films prepared by other
deposition techniques on graphene for which there exists a thin space between the PQDs and
the graphene film, the photocurrent response was much smaller than in the G-PQD device. To
better understand the charge transfer effect, the photocurrent response was simulated using
COMSOL. We compare two scenarios: 1) PQDs just touching the graphene surface forming a
bilayer configuration and 2) PQDs in close contact with the graphene film (i.e., considered as
being inserted into the surface, grown from defect sites of graphene). The Fermi-Dirac
semiconductor model was used to develop the G-PQDs model and continuous Fermi energy
levels were used at the interface between the PQDs and the graphene film?°. To simplify the
simulation, 40 nm % 40 nm area of the graphene film (film thickness 0.3nm) was used for all
devices and a total of 15 PQDs were attached randomly on the graphene film to form the G-
PQDs devices. The photocurrent effect was also simulated with two different PQDs sizes (3
nm and 5 nm) in the G-PQDs superstructure. A voltage of 1.5 uV was applied at the two ends
of the film, and an incident plane wave with a wavelength of 430 nm was considered, as
represented in in Fig. 4 a and b, respectively. We obtain a photocurrent response close to zero
from simulations for graphene films, even at different light intensities. For G-PQDs layers,
the photocurrent is 0.3 pA under 150 nW illumination and 1.5 pV applied field. Among all
the devices, the photocurrent responses of G-PQD devices are the largest, which indicates

9



that the charge transfer from the grown PQDs to the graphene film is much larger than for
PQDs deposited on the graphene film. This shows that growing PQDs on graphene provides a
direct conduction path for charge transfer, which agrees with our experimental results.

Next, we investigated the transient response of the G-PQD superstructure. The transient
photoresponse of the G-PQDs superstructure under periodic 33mW/cm? white light
illumination with on and off time of 20 s was investigated, as shown in the Fig. 4c. The
results reveal a relatively fast and stable reproducible photoresponse. A quick rise of
photocurrent as soon as the light is turned on was followed by a drop back to initial values
when light was turned off. This indicates that the device can act as a light-activated switch.
The response time for the photocurrent to rise up to 80 % was about 0.45 s (Fig. 4d), which is
comparable to the reported values in a graphene-perovskite structure®®. The photocurrent
decay time was about 0.85 s for 50% decay from the maximum value. The longer response
time was due to more complex factors, predominantly from the quantum capacitance of
graphene and the time for relaxation charge transfer along ligands’*”>. Using this response
time measurement, the photoconductive gain (G)*® can be calculated based on the equation:
G = Tlifetime/Ttransit = Tlifetime/u//l2 (3)

Where Tj;ferime 18 the life time of the photogenerated carriers and Tyqngi¢ 1S the duration of
the carrier transport within the channel. This was calculated using transistor mobility (p) and
applied drain-to-source voltage (V) of 0.5 V and a fixed channel length (/) of 15 pm. The
calculated field effect mobility of pristine single layer graphene and the G-PQDs
superstructure are 2786 cm?V!s' and 2580 cm? Vsl respectively. Therefore, the
photoconductive gain of the G-PQDs superstructure varies between 1.8 x 10% and 1x 10° for
lifetimes of 0.29 s and 1.84 s, respectively. These values are very similar to the ones reported
by Konstantatos et al. in hybrid graphene-PbS QDs phototransistor’®. The photoconductive
gain can be further improved by increasing the carrier mobility of PQDs and by introducing
shorter chain ligands. We can attribute the high photoconductive gain and responsivity to the
high charge carrier mobility of the graphene as well as the direct charge transfer pathway
between the PQDs and the graphene layer.
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Fig. 5 a, Anatomy of two interconnected human neuron via a synapse (marked by a red box). b,
Schematic representation of biological synapses. ¢, Transient characteristic of the device (Vb =0.5V,
Vs = 10 V) showing the change in conductance due to a single pulse of light of pulse width 30 s for
varying light intensity. d, PPF index of the device (Vb = 0.5 V, Vg = 10 V) due to varying off time
between two consecutive light pulses having on time of 5 s. e, Transient characteristic of the device
(Vb =10.5V, Vg =10 V) showing the change in conductance due to varying number of light pulses
having on/off time of 5 s/5 s. f, Retention of the long-term potentiated device (Vb =0.5V, Vg=10V)
for 3x10° s after application of 20 optical pulses (on/off time of 5 s/5 s). g, Nonvolatile synaptic
plasticity of the device (Vg = 10 V) showing LTP by train of optical pulses (on/off time of 5 s/5 s) at
Vp = 0.5 V and LTD by a train of electrical pulses (-0.5 V, on/off time of 1 s/l s) at Vp. h, Gate
dependent transient characteristic of the device (Vp = 0.5 V) after application of 20 optical pulses
(on/off time of 5 s/5 s). i, Neuron network structure for face recognition j, Real images (upper part)
for training and the synaptic weights of certain corresponding output neurons (lower part).

Neuromorphic photonic synapses and facial recognition. We observe a fast and stable
photodetection property of the G-PQD superstructure when the gate voltage is maintained
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constant at 0 V. Tuning the gate voltage towards positive direction can, however, limit the
recombination of photogenerated carriers. Under light illumination, the gate tunable device
can therefore achieve a higher conductance state, which is retained even in the absence of
light. This type of synaptic behavior, which is facilitated by gate tunability, is of great
importance for neuromorphic computing.

In traditional von-Neumann architecture, huge time and power spent in transporting
data between memory and processor inevitably impose limitation in the performance and
scalability of the structure, popularly known as ‘von-Neumann bottleneck’’®”’. This major
drawback leads to severe problem in data centric applications, such as real-time image
recognition, data classification, and natural language processing. Neuromorphic computing
has emerged as a superior platform for parallel energy efficient data processing with high
accuracy and storage of information which outperforms the von-Neumann architecture’®”’.
Figure 5a shows the anatomy of two biological neurons connected via a biological synapse. A
synapse (Fig. 5b) acts as a channel of communication between two neurons. Information
broadcasted from one neuron acting as presynaptic cell (transmitting neuron) is conveyed to
the other acting as postsynaptic cell (receiving neuron) through a synapse. The synaptic
behavior can be strengthened (potentiated) or weakened (depressed) using appropriate
triggers of optical pulses. Measurements of synaptic plasticity including short-term plasticity
(STP), long term plasticity (LTP) and long-term depression (LTD) are emulated to resemble
the synaptic behavior of its biological counterpart. Here we show that the G-PQD
superstructure acts as an artificial photonic synapse, where the presynaptic signal is the
external light stimuli in the form of optical pulses and the postsynaptic signal is the current
obtained across the G-PQD channel keeping both drain-source and gate voltage fixed’?.

To understand the synaptic dynamics of the device under different conditions of the
presynaptic signal spikes, the change in conductance was recorded for light (specific
wavelength of 440 nm) that has different intensities varying from 190 nW/cm? to 1.1 uW/cm?
(Fig. 5c). Conductance of the device changes under the application of light when voltage
biases were applied to the gate (10 V)/drain (0.5 V) electrodes of the device, while the source
electrode was kept grounded. We achieve a higher level of conductance for light of highest
intensity (1.1 pW/cm?) as compared to the other intensities. At high intensity, we attribute
enhancement in the conductance state to the formation of more photogenerated carriers. The
effect of paired pulse facilitation (PPF), a special case of STP due to two closely spaced light
pulses, is shown in Fig. 5d (details in Fig. S7 and S8). PPF index increases when the
photogenerated carriers from the first light spike, before recombination, are appended with
those originating from the second light spike resulting in an increase in the device
conductance. The PPF ratio fades with the increasing photonic pulse intervals. A high value
of PPF suggests the low rate of decay of the synaptic response whereas a low value marks a
high rate of decay. Therefore, it is seen that the index exponentially decreases with increasing
off time between two pulses (delay between two pulses). This is indicative of the fact that
reduction in off time between two pulses (<10 s) amplifies the postsynaptic response leading
to short-term plasticity. Therefore, when the device is triggered with repetitive training
pulses, the learning effect in our device can be enhanced. In a training scheme where
repetitive pulses (having off time of ~5 s) are used, the weight of the photonic synapse is
governed by the number of pulses. Normalized conductance of the device for a varying
number of pulses at a fixed wavelength of 440 nm with an intensity of 1.1uW/cm? is shown
in Fig. 5e (details in Fig. S9). The normalized conductance attains a value of ~1.11 for one
pulse and gradually increases as the number of pulses increases. The effect of (a) number of
pulses and (b) delay between the pulses on the device conductance is exponential in both
cases except for the number of pulses causing an exponential rise and the delay causing an
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exponential decay. It becomes essential to correlate the optimized off time between
consecutive pulses (5 s in this case) along with the number of pulses (20 pulses in this case)
in order to maximize conductance state. Fig. 5f shows the variation in normalized
conductance triggered by 20 pre-synaptic light spikes under a gate bias of 10 V. A change in
conductance was obtained under application of light pulses, and did not relax to its initial
stage even when the light is switched off. LTP was induced in the device, which was
sustained for 3000 seconds. LTP obtained by applying photonic pulses followed by LTD
obtained by applying electrical pulses at drain is demonstrated in Fig. 5g. This clearly shows
the non-volatile synaptic plasticity of our device. We find that negative pulses at drain help in
depressing the potentiated device by de-trapping the photogenerated carriers in the PQDs.
The synaptic device shows paired pulse depression (PPD) of 99.03% which is the percentage
change in conductance of the second spike with respect to the first spike due to the
application of the electrical pulses. PPD is observed when the first postsynaptic current (or
postsynaptic conductance) is large followed by a spike whose amplitude is less than the first
and implies the inhibitory signal transmission. This contrasts with PPF which is observed
when the first postsynaptic current (or postsynaptic conductance) is small, and the second is
larger than the first which is based on excitatory signal transmission. We also observe gate
dependent LTP in Fig. 5h by increasing the gate bias. We find that both enhancement in
conductance due to photogenerated carriers under illumination and capability of retention
after removal of light increases as the gate becomes more positive. When gate voltage moves
in the positive regime, electrons get trapped in the trap centers in graphene. These trapped
charges lead to quasi p-doping of graphene. The higher the gate voltage, the larger the quasi
p-doping of graphene. Under illumination, photogenerated holes are injected into the
graphene from the PQDs which contribute to the gain of photocurrent (or conductance) as
holes are injected in a p-doped channel. This clearly explains the jump in the conductance
from the initial point to the final point, and this effect is emphasized when gate becomes
more positive (holes being injected in p++ channel). Moreover, the photogenerated holes
injected into graphene cannot recombine with the electrons as the electrons are trapped even
when the light is switched off because of positive gate voltage. The holes continue to flow in
the system under the effect of drain voltage and maintain retention over a long time resulting
in long term plasticity of the device. The energy consumption per synaptic event of optically
stimulated synaptic devices is calculated using’®
dE =S X P x dt 4)

where S is the area of the device, P is the power density of the input light at a spike duration
of t. The calculation for our devices indicates that the energy consumption per synaptic event
1s 36.75p] for the optimized spike duration of 5 s. Our G-PQD synaptic device showed lower
energy consumption than those reported in the literature as shown in Table S1.

With integrated optical information detection, processing and retention capabilities of the G-
PQD synaptic devices they become a potential candidate for human visual memory and in
fields of pattern recognition. For real pattern recognition application, a dark current was
chosen as a baseline. The fitted conductance curve of the device is shown in Fig. S12 and the
fitting parameters are shown in the Supplementary Information Table S2. Those fitting
parameters are important because they represent how a synaptic weight changes inside of the
neuron network when training the network. For our optical synapses, both optical and
electrical spikes were used to change the conductance. Using the fitted conductance
properties of our device’®, we construct a spiking neural network to perform unsupervised
machine learning and face recognition using Python. The simulation details are discussed in
the supporting information. Portraits from 4 persons were used to train our neural network
and different portraits were used for testing. The network structure is shown in Fig. 5i. Each
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presynaptic neuron senses each pixel of the input images and transforms them into
presynaptic spikes. After our synaptic devices, the post synaptic signals were summed at the
postsynaptic neuron, which could make it spike. Figure 5j displays the real images used for
training and the synaptic weights of some corresponding output neurons, which shows the
pattern recognition ability of this unsupervised spiking neural network with our device
properties. By comparing the upper images (real images used for training) and the bottom
images (synaptic weights of the corresponding output neurons), we find that our synapses
catch the features from the portraits and realize facial recognition very well. In addition, to
further detect the learning ability of our photonic synapses, 1000 figures from MNIST dataset
were chosen for training and 1000 different figures from the same dataset were chosen for
testing, of which the results are shown in the supporting information. For real applications, if
more output neurons are adapted and longer training time is used, higher recognition rates
could be achieved.

Discussion

In this study, we develop extremely thin superstructures by growing PQDs from graphene
lattice by a defect-mediated crystal growth technique. We find that a highly enhanced charge
transfer can be obtained due to the overlap of the n-electron clouds of PQDs and graphene.
The devices evaluated with the G-PQDs superstructure exhibit high performances for
phototransistor and photonic synapses. The phototransistors exhibit superior responsivity and
specific detectivity to any other device reported to date. The behavior is further validated by
COMSOL simulations. Our approach can extend to other 2D materials, including transition
metal dichalcogenides and other heterostructures, which opens the door to a new class of
high-performing superstructure materials for many electronic and optoelectronic applications.
The unique configuration of the PQD-graphene superstructure, which shows photonic
synaptic behavior, is highly beneficial for facial recognition and future neuromorphic
computing.

Methods

Materials. Lead bromide (PbBr2, 99.99%) and Methylammonium bromide (CH3NH3Br,
99.5%), N, N-dimethylformamide (DMF, 99.9%), toluene (99.5%), Butylamine and Oleic
acid were purchased from Sigma-Aldrich and Ossila Ltd. All the chemicals were used
without further purification.

Precursor preparation. Methylammonium lead bromide (CH3NH3;PbBr) quantum dots
(PQDs) were prepared bythe ligand assisted re-precipitation (LARP) method'?. The precursor
preparation involved solubilizing the precise ratio of PbBr2 (0.2 mmol) and CH3NH3Br (0.16
mmol) salts in 5Sml of DMF. This was followed by the addition of 50ul of butylamine and
500ul of oleic acid to the perovskite precursor solution, which was ultrasonicated for 10 min.

Device fabrication. Bottom-gated FET structures were fabricated on a 300 nm thick
thermally grown SiO: dielectric on p+ silicon. Single layer graphene on copper foil
purchased from Grolltex inc. was wet-transferred to SiO» substrate as per the reported
method®. The graphene channel was patterned using photolithography and etched in oxygen
plasma. Drain/source electrodes were patterned using photolithography and 50 nm Nickel
was deposited using an electron beam evaporation process. The optical image of a
representative graphene FET on Si0O»/Si substrate is displayed in Fig. S6. This fabricated
graphene channel was dipped into a graphene precursor solution, and after 30 min toluene
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was injected slowly into the solution and perovskite QDs were allowed to grow on the
graphene channel for 1 hour. This was followed by thoroughly washing the sample to remove
the excess precursor and PQDs and drying the samples by blowing N> gas.

Characterization. The topography of PQD was characterized by TEM (FEI Tecnai F30
TEM) and a JEOL JEM 3010 instrument. The structures of PQDs and G-PQDs were
determined using XRD analysis (PANalytical Empyrean with 1.8 KW Copper X-ray Tube)
and UV-Vis absorption spectroscopy (UV-Vis Spectrophotometer—Agilent Cary 300). The
photoluminescence PL spectra of the films were recorded using fluorescence spectroscopy
(Fluorescence Spectrometer - Horiba Nanolog FL3-11). The chemical bonding states of the
materials were examined in detail by XPS (Physical Electronics 5400 ESCA). The high-
resolution XPS spectra corresponding to C 1s, N 1s, I 3d doublets (3ds and 3ds32) and Pb 4f
doublets (4f7, and 4fsp) were analyzed using an XPS Peak version 4.1 program. Raman
spectroscopy was performed on a WITec 300RA confocal Raman system with excitation
laser at 532 nm and a 100x objective. AFM measurements were carried out on a Multimode
system in contact mode. All phototransistor characteristics were measured in a probe station
using a Keysight B1500A Semiconductor Device Analyzer under illumination from a
halogen lamp fitted with Newport monochromator. Light intensity was measured by a
Newport power meter through calibrated Si photodiode. All photodetector measurements
were conducted in ambient temperature.

Time correlated single photon counting (TCSPC). Time correlated single photon counting
(TCSPC) curves were collected while exciting the samples with a PicoQuant LDH-P-C-375
pulsed laser driven by a PDL 800D controller. The repetition rate was set at 5 MHz. Laser
intensity was adjusted to keep the photon emission rate below 5% of the laser repetition rate.
Photons were collected on a single photon counting detector (Picoquant, sMicro Photon
Devices, PDM series) connected to a PicoHarp 300 TCSPC module that detects the photon
arrival time. The laser excitation was filtered with a 375 nm interference filter while the
emission was filtered by a 400nm long pass emission filter. TCSPC decay curves were fitted
with FluoFit software (FluoFit Pro 2009, 4.4.0.1, PicoQuant). Because TCSPC decays were
collected locally on G-PQD superstructures using a custom-built microscope, an IRF
(instrument response function) was not obtained, and decay curve fitting was accomplished
via a tail fitting process.

Simulation. For COMSOL simulation (version 5.4), Semiconductor module, Wave Optics
module and Semiconductor-Electromagnetic Waves Coupling were used. Wave Optics were
used to simulate the light absorption of the materials, in which a plane wave was incident on
the film and the full field was calculated. Under light illumination, PQDs and graphene film
domains were calculated by the Semiconductor module to get the photocurrent response, in
which Fermi-Dirac carrier statistics were used.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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